The copper sensitivity of the dinoflagellate Gonyuulax tamarensis was examined in artificial seawater medium. Two short term responses of the organism to copper toxicity are rapid loss of motility and reduced photosynthetic carbon fixation. The chelators tris(hydroxymethylamino)methane (Tris) and cthylenedinitrilotetraacetic acid (EDTA) were used to dcmonstrate that copper toxicity is a unique function of cupric ion activity. Copper additions to medium containing EDTA equilibrated with the chelator relatively slowly, resulting in misleading short term data. This kinetic effect was not seen when the major copper chelator was Tris or when the copper was added in a chelated form with EDTA. Variations in manganese concentrations over two orders of magnitude did not alter the results. Cells of G. tamarensis are 100% nonmotile at a calculated cupric ion activity of lO-".7 M with 50% of the cells nonmotile at lo-'n.4 M. Nonmotile cells do not divide or grow larger. Gonyaulux tamarensis growth is totally inhibited at cupric ion activities that only partially inhibit the growth of four other species that have been studied extensively.
Furthermore, this toxicity occurs at the calculated copper activity of natural waters, assuming only inorganic copper complexation.
Thus organic chelation may be necessary before G. tamarensis can successfully compete with other algal spccics in coastal waters.
Concentrations of copper as low as 1 ppb can be toxic to various phytoplankton species (e.g. Steemann Nielsen et al. 1969; Stecmann Nielsen and Kamp-Nielsen 1970; Mandelli 1969; Erickson 1972; Martin and Olander 1971) . Complexing agents are thus important for reducing copper toxicity in culture media (Manahan and Smith 1973; Fitzgerald and Faust 1963) . Steemann Nielsen and Wium-Andersen (1970) suggested that the effect of organic chelators in stimulating the growth of algae in seawater, as observed by Johnston (1963 Johnston ( , 1964 and Barber and Ryther (1969) , was due to their ability to decrease the activity of the free cupric ion. This interpretation has been supported by the computations of Jackson and Morgan (1978) using the results of Davey et al. (1973) , Barber (1973), and Huntsman (unpublished) , and by the laboratory results of Sunda and Guillard (1976) who found that copper uptake and toxicity were uniquely determined by the cupric ion activity for two species of marine algae. ' Research supported in part by the Office of Sea Grant, NOAA, U.S. Department of Commerce, through grant 04-6-158-44007, in part by National Science Foundation grant DES75-15023, and in part by International
Copper Research Association project 252.
We have found the response of the dinoflagellate Gonyaulax tamarensis to copper toxicity is a rapid loss of motility-a reaction to stress that provides a unique opportunity to study the organism's short term sensitivity to copper, relatively free from the potential complications of cellular exudates and other changes in the trace metal composition of the culture medium with time. Other types of chemical and physical stresses also cause this organism to become nonmotile. Temperature has been cited as a major factor (Prakash 1967; Yentsch et al. 1975) , although Prakash also noted that nonoptimal conditions of nutrients, salinity, and light can induce a limited loss of motility. Nonmotile cells do not divide or increase in size if the stress is maintained, yet in almost all cases they can be "revived" if the stress has not been too severe and normal culture conditions are restored. This has led many researchers to refer to stress-induced nonmotile cells as cysts, but recent comparisons between laboratory cultures and cells of G. tamarensis taken from marinc sediments indicate that this terminology may be incorrect (Anderson and Wall 1978 imize adsorption effects, all glass flasks and beakers were coated with silicone (Davey et al. 1970) . Glassware was routinely soaked for 12 h in 2 N HCI and rinsed with distilled, deionized, distilled water (DDD).
All culture experiments were begun 3 h after the onset of the light cycle.
Experiments were carried out in batch culture in variations of Aquil (Table 1) , an artificial seawater medium designed for studies of trace metals (Morel et al. 1975 (1964, 1971) or Ringbom (1963) .
Corrected for ionic strength using the Davies Approximation. stants used for the major reactions that determine cupric ion activity in seawater are shown in Table 3 . The Tris medium includes 5 x 10B7 M EDTA, added to chelate the metals ineffectively complexed by Tris.
To emphasize that the cupric ion activity has been calculated and not measured, the symbol pCu* will be used here instead of -log{ Cu2+}. REDEQLZ calculations using the data of Sunda and Guillard (1976) agree with their results within 0.1 pCu* unit in all cases where there were no predicted copper precipitates.
Motility counts-The loss of motility induced by copper toxicity was quantified by pipetting 0.15 ml of culture onto a depression slide and counting the relative numbers of motile and nonmotile cells (under a low power objective with the diaphragms closed so that a maximum of 10 cells was visible at any one instant). The procedure was repeated at four nonoverlapping locations per slide until a minimum of 200 individual cells had been counted for each culture. A cell was considered motile if it showed any visible movement at all during the few sec- (1972) , except that the 5% NaCl solution was cleaned of trace metal contamination by passage through a column of Chelex 100 (Biorad).
Separute addition of copper und chel&or-For experiments designed to test the response ofG. tamurensis to different cupric ion activities when unchelated copper was added to cultures grown with a chelator already present, 16 PCi of 14C were added to 1,200 ml of exponentially growing cells at a density of about 3,000 cells ml-l, and 50-ml portions were poured into triplicate flasks that had previously been spiked with varying copper solutions. In one case, dark bottle and formaldehyde-killed controls were also used. AFter 1 and 23 h, lo-ml samples were removed and filtered through 2.4-cm Whatman GF/C filters which were then rinsed with Aquil and placed in a container with fumes from concentrated HCl for 24 h to drive off labeled bicarbonate. (Table 1) containing a low initial concentration of chelator (lo-6*3 M EDTA).
Conccntrations of tract metals were correspondingly reduced to lo-7*65 M manganese, 10-8.4 M zinc, 10-"m3" M iron, and lOmg M copper. 14C was added to the cultlrres as described previously.
In one experiment, concentrated solutions of copper and Tris were placed in empty flasks and culture added to 50 ml to obtain the desired pCu* values with 10B3 M Tris; in another, concentrated solutions of manganese, zinc, EDTA, and copper were used to give the desired pCu* levels and the final trace metal concentrations shown in Table 2 for 10m4m3 M EDTA medium. (A control experiment indicated that omission of the manganese and zinc additions did not alter the results significantly.) After adding the chelator and copper, we obtained motility and 14C data as described previously.
Manganese variations-Two experiments were conducted to determine the effects of different concentrations of mangancse on the copper sensitivity of G. tamarensis: one where the concentration of manganese was decreased two orders of magnitude to 10-7*"4 M in medium chelated with EDTA and another where it was increased to 1O-s*64 M in medium with Tris as the major chelator. The perccntage of motile cells was determined in each experiment 2 and 24 h after the copper additions.
Pre-equilibration of the medium-To test the effect of a longer equilibration time between the addition of copper to chelated medium and the initial exposure of the cells to the toxicity, we added copper to media chclatcd with 10e4*" M EDTA and 10e3 M Tris to give six flasks at each of two pCu* levels for each chelator. The pI1 was adjusted to 8.4 with NaOH and three control flasks from each category were inoculated with 3 ml of exponentially growing cells to a final volume of 50 ml. After 24 h, the remaining pre-equilibrated flasks were inoculated with cells, as was a second set of control pcu* I-----' medium containing lo-'." M EDTA; x-unchelated copper added to cultures in Tris medium containing increased manganese. Curves connect mean at each level of pCu*. k-2 h attel copper additions; B-24 11 after copper additions. flasks that were first spiked with copper to densities of 4,000 cells ml-' and kept to indicate whether the inoculum sensiduplicate flasks containing medium but tivity had changed. Motility percentages no cells under the same culture condiwere determined 2 and 24 h after each tions. Copper was added in duplicate to inoculation, flasks containing loo-ml volumes withCopper uptake-To determine whethdrawn from the cultures and the media. er significant quantities of copper could
The flasks were swirled immediately and be lost to the G. tamurensis cells during lo-ml subsamples filtered through sepathe toxicity experiments, we grew l-liter rate 1.0~pm pore-size membrane filters. cultures in both EDTA and Tris medium Cells were exposed to copper for <3 min before this filtration. The filtrate was analyzed for total copper by atomic absorption spectrophotometry, with atomization by flame for the EDTA medium and the HGA-2100 graphite furnace for the Tris medium.
Twenty-four hours after the copper was added, additional samples were filtered and analyzed. Motility was determined 2 and 24 h after the copper addition.
Results
Copper toxicity in Tris medium-The response of G. tumarensis to the cupric ion activity was the same whether the copper was added to medium already chelated with Tris or added in solution with Tris ( Figs. 1 and 2 ). All cells became nonmotile below pCu* 9.7 while above pCu* 11.0 there was no evident inhibition of motility. An increase in the concentration of manganese by two orders of magnitude gave similar results (Fig. 1) . A 48-h cxpcrimcnt with Tris demonstrated very little change in motility from the 2-or 24-h results (Fig. 2) .
Photosynthetic fixation of 14C decreased with increasing cupric ion activity in Tris medium (Fig. 2) . The 14C data show good agreement with the motility counts in demonstrating a rapid decrease in carbon uptake at cupric ion activities below 10-l' M. To emphasize this cffcct, the extreme values of the uptake data have been plotted so as to span the same range as the corresponding motility data. Microscopic examination of certain low pCu* flasks revealed that all cells were nonmotile, yet the amount of 14C taken up by these cultures increased over 48 h. Formaldehyde-killed controls evidenced no significant 14C uptake, while dark bottle controls had <5% of the activity found in the cultures with no motile cells.
Copper toxicity in EDTA mediumDramatic differences in the toxicity response of G. tamarensis were observed in EDTA medium at the same pCu*, depending on the precise mode of copper addition to the cultures. If the copper was added as a copper sulfate solution (with no EDTA), all cells became nonmotile Table 2 for EDTA medium. below pCu* 10.7 after 2 h (Fig. 3A) . This corresponds to a much greater apparent sensitivity than that observed with Tris medium (Figs. 1A and 2A) . After 24 h a significant revival was observed as the motility curve was shifted by over two orders of magnitude in the direction of decreased sensitivity (Fig, 3B ). All cells were nonmotile only at pCu* 9.0, corresponding to a sizable apparent decrease in sensitivity in comparison with the Tris results. Decreasing the manganese concentration two orders of magnitude had no effect on the 2-or 24-h data (Fig. 3) . If the copper was added as a solution containing an excess of EDTA (plus sufficient manganese and zinc to make the final metal activities the same as those in Table 2 for the EDTA medium), the cells became 100% nonmotile at pCu* 9.8 and below, with only a slight revival at low cupric ion activities after 24 h (Fig. 4) . These results are similar to the Tris data in Fig. 1 .
Pre-equilibration of the medium-To determine whether the shift between the 2-and 24-h data in the EDTA medium was due to a chemical change in the medium or to cell adaptation, we conducted an experiment in which EDTA and Tris media (including copper) were pre-equilibrated for 24 h before inoculation.
Control cultures were inoculated into fresh medium minutes after copper addition (both at the time of initial medium preparation and at the time of inoculation into the pre-equilibrated medium). In the Tris medium, there was no significant difference in motility between the controls and the pre-equilibrated medium (Table 5) , and the motility remained essentially unchanged after 24 h. In the EDTA medium, the controls behaved as expected, with a large initial exaggeration of the copper sensitivity followed after 24 h by an apparent insensitivity in comparison to the Tris data. The pre-equilibrated EDTA medium dem- Table 5 . Effect of increased equilibration time of copper chelator on motility. Table 5 .) This dcmonstrates that the high toxicity at 2 h in EDTA medium spiked with copper sulfate is caused by a slow equilibration between copper and EDTA in the solution, leading to a dramatic overestimate of copper sensitivity in comparison with a preequilibrated solution.
It also demonstrates that the subsequent underestimate of the sensitivity after 24 h (i.e. Fig.  3B compared to Fig. 4) is linked to the initial shock at the time copper sulfate was added.
Copper "uptake''-Within 3 min of adding copper sulfate solutions to cultures in the EDTA medium, up to 25% of the copper was removed from the medium along with the cells upon filtration (Table 6 ). This initial copper loss occurrcd at the lower pCu* values where the concentrations of copper and EDTA were nearly equal. Adding copper to EDTA medium without cells did not result in any measurable loss attributable to adsorption on the walls of the flasks. After 24 h the concentrations of copper measured in the culture filtrate were the same as in the filtered and unfiltered mcdium. Motility 2 and 24 h after the copper additions showed a shift in apparent sensitivity similar to that shown in Fig. 3 . With Tris as the major chelator, there was no detectable loss of copper to the cells either in the first 3 min after the copper addition or 24 h 1 ater (Table 5) .
This uptake of copper by the cells, followed by a release back into the medium is consistent with the results of Mandclli (1969) who found that the copper content of cells of various species of phytoplankton decreased with time from the initial spiking, reaching equilibrium within I5 to 30 min. Mandelli used a seawater medium chelated with a lo-"*"" M EDTA and total concentrations of copper ranging from lo-5-32 M to lo-"*' M for the uptake experiments. A time-dependency of cellular metal content has also been re- Tris data 2 h after Cu addition, chelated and unchelated; Ocombined Tris data 24 h after Cu addition, chelated and unchelated; n-combined EDTA data after 2 h, chelated copper added; A-combined EDTA data after 24 11, chelated copper added.
ported for zinc and mercury (Davies 1973 (Davies , 1976 ).
Discussion
Experiments with two different chelators and a wide range of copper concentrations demonstrate that copper toxicity in G. tamarensis is determined by the cupric ion activity and not the total concentration of copper. To arrive at this conclusion, we must first disregard certain experiments where kinetic phenomena introduce misleading results. Unchelated copper added to EDTA medium gave results that indicate an extreme 2-h sensitivity, followed by a shift to a significantly lower sensitivity after 24 h (Fig. 3) . This shift in toxicity is not observed when copper is added in chelated form (Fig. 4) nor when copper added to EDTA medium is allowed to equilibrate 24 h before cells are added (Table 4) . In contrast to the EDTA data, when Tris is the major chelator, toxicity results are relativcly constant over time and do not depend on whether the copper is added to the cultures unchelated or chelated. It thus appears that the kinetics of EDTAcopper chelation in the seawater medium are slower than those of the Tris-copper system. Copper added to a culture containing a nearly equimolar amount of EDTA presumably does not reach equilibrium instantaneously, perhaps due to the time necessary for some of the chelator to dissociate from the abundant cations, calcium and magnesium. As can be seen in Table 1, immediately before the copper addition the EDTA is essentially totally bound to calcium, magnesium, and manganese.
In the Tris medium, however, 63% of the Tris is in free ligand form while 37% is bound to hydrogen so that the Tris can chclate the copper without intermediate dissociations. It seems reasonable to argue that when copper is first added to a culture grown with EDTA, the cells may bc cxposcd to a concentration of cupric ions significantly exceeding the available chelator at that time, resulting in potentially significant cellular adsorption or complexation. An initial uptake of the "excess" cupric ions (Table 6 ) accounts for the high short term sensitivity shown in Fig. 3A . The reduced sensitivity after 24 h (Fig, 3B) is harder to explain. The two obvious possibilities are medium conditioning and cell adaptation, but preliminary experimcnts to distinguish between these have been inconclusive.
However, the presence of sizable quantities of discarded thecac and of various lysis products suggests that the medium after 24 h is quite different chemically from the well dcfined Aquil medium for which the pCri* values have been computed. With Tris medium, and with chelated copper additions to EDTA medium, the cells are apparently not exposed to the initial copper shock so that it is reasonable to expect the equilibrium cupric ion activities to be attained very rapidly and to change littlc with time.
If the experiments using unchelatcd copper additions to EDTA medium are disregarded because of the apparent equilibration problems shown in Fig. 3 , Table 5, and Table 6 , the remaining motility results are seen to be a direct function of pCu* for the two chelators (Fig.  5) . When the same motility data are plotted against total concentrations of copper, a separate function is seen for each chelator (a result to bc expcctcd since only one concentration was used for each), but no general relationship is evident for the combined data (Fig. 6) . These results are consistent with the laboratory results of Sunda and Guillard (1976) and the calculations of Jackson and Morgan (1978) who found that copper toxicity was uniquely determined by the cupric ion activity for various algal species.
The effect of copper-EDTA kinetics on the results of these short term toxicity experiments has far reaching implications for similar trace metal studies in the literature. This is especially triie for expcriments where copper or some other metal is added to healthy cultures and short term responses such as carbon fixation, growth rate, or nutrient uptake arc mcasured. In these cases it seems that the results arc indicative of each culture's affinity for the free metal ions at the moment of spiking as well as of its ability to relcasc the metal back into the medium over time. An organism's sensitivity under these conditions is not necessarily the same as that detcrmincd under true equilibrium conditions. The different types of experiments reported here make it possible to quantify the short term sensitivity of G. tamarensis to the activity of the cupric ion. 14C fixation was found to be a relatively good measure of short term copper sensitivity, although there was a significant amount of photosynthesis in nonmotile cells that could not divide without some change in the lcvcl of copper toxicity. Total inhibition of motility was consistently dcmonstratcd at pCu * 9.7 and below, with about 50% of the cells nonmotile at pCu* 10.4 after both 2 and 24 h. Above pCu* 11.0, there were no evident changes in the motility results with decreasing amounts of copper.
There are few published data that quantitatively evaluate the sensitivity of various species of algae to copper toxicity. Sunda and Guillard (1976) found total growth inhibitions below the pCu* levels of 8.3 and 8.4 for the estuarine diatom Thalassiosira pseudonana (clone 3H) and the green alga Nannochloris atomus (clone GSB Nanno), with 50% growth rate inhibition at levels of 8.6 and 9.3. They al so calculated the cupric ion activity used in experiments by Davey et al. (1973) on an open ocean strain of T. pseudonana (clone 13-1) and reported total growth inhibition below pCu* 8.0 and 50% inhibition at 9. Exponentially growing cells of Skeletonema cos ta turn (clone S kcl) inoculated into Aquil medium showed no reduction in growth rate or ccl1 yield at pCu* 8.5 or above (Morel ct al. 1978) .
Toxicity data for these species arc difficult to compare with ours for G. tamarensis because the data are based on growth rates, which we have not determined. However, motility results do give some indication of growth response since our observations indicate that cells with copper-induced nonmotility will not divide or increase in size as long as the culturc medium remains unchanged. Short term motility results cannot provide sufficient resolution to show conclusively that G. tamarensis needs a lower cupric ion activity than other algae to achieve optimal growth. However, it is clear that the toxicity cffccts do result in total growth inhibition at a pCu* of about 9.7, an activity at which T. pseudonana (clone 3II), T. pseudonana (clone 13-l), and N. atomus (clone GSB Nanno) would have growth rates inhibited by only 40,20, and 20% (Sunda and Guillard 1976) . Furthermore Sunda and Guillard first observed copper toxicity effects 2 days after inoculation, in marked contrast to the almost immediate loss of motility in G. tamarensis. At pCu * 9.7, S. costatum (clone Skel) divides at its maximum rate (Morel et al. 1978) .
On the basis of a mean value of 1.4 x lO-8 M copper in coastal seawater samples (Chester and Stoner 1974) we can estimate the cupric ion activity in natural seawater, assuming no copper complexation other than with inorganic ligands. For pH 8.2, REDEQLZ calclllations give a pCu* of 9.6, which agrees well with Slmda and Guillard's (1976) cstimatc of 9.7. Because this calculation dots not include organic complexation, it rcprcsents maximum toxicity. At this pCu*, G. tamarensis would not bc able to grow or divide while growth of other species would be inhibited partially or not at all, The role of organic complexation could thus be significant in the ecology of natural systems.
One important approach to recent research into the causes or triggering mechanisms of toxic dinoflagellate blooms has been to consider the stimulatory effects of organic compounds entering the ocean in overland runoff or coastal upwelling. Tn general, these studies have concentrated on the role of organic chelators in assisting in transport or availability of metal ions as nutrients (e.g. Prakash and Rashid 1968; Doig and Martin 1974; Kim and Martin 1974) . The reduction in the toxicity of certain metal ions through chclation has been mentioned briefly in relation to red tide outbreaks, but no data arc available at this time (Martin and Martin 1973) . The data presented hcrc suggest that the growth of G. tamarensis may bc totally inhibited by copper toxicity in natural waters under conditions that lcavc other algae rclativcly unaffcctcd and that organic chelation of this copper may bc ncccssary before the cells can successfully multiply to bloom proportions.
